When air-dry urediospores of the wheat stem rust, Puccinia graminis f. sp. tritici, are exposed to temperatures below freezing, their germinability is markedly reduced, even after prolonged thawing at room temperature. Germinability is fully restored by a brief heat-shock or by vapor phase hydration. We have found that this "cold dormancy" cannot be reversed once with a glass chamber measuring 151/2 X 15½2 X 16 inches which was sealed with a caulking compound. The whole assembly was placed in a controlled environment chamber operated as described above.
The urediospores of rust fungi are short lived, and so these organisms are maintained by periodic infection of host plants. Therefore, were it possible to preserve such spores in a viable condition, they would be more readily available for use in plant-breeding programs directed against these pathogens, as well as for physiological and biochemical studies. In fact, survival of urediospores of rust fungi by storage in liquid nitrogen has been demonstrated (3, 7, 18) . However, it has been shown that their germinability after freezing critically depends on the method of revival (3, 13) . Thus, when air-dry urediospores of Puccinia graminis f. sp. tritici Erikss. and Henn., races 15 and 56, are cooled below freezing to -196 C, germination is markedly reduced. Inasmuch as germinability is restored by a heat-shock (14) and by vapor phase hydration (3) , these authors concluded that freezing induces a reversible cold dormancy in urediospores. Recently, we demonstrated (34) that there are no obvious ultrastructural differences between frozen and untreated urediospores before suspension in water. However, grievous ultrastructural changes developed during rehydration of cold-dormant spores in a liquid medium.
In this paper we shall present evidence showing that cold dormancy is, in fact, a condition of supersensitivity of frozen spores to rapid hydration by liquid water, resulting in irreversible damage to the permeability of the spores.
MATERIALS AND METHODS Urediospores of P. graminis pers. f. sp. tritici Erikss. and Henn., race 56, were used throughout. These were produced on Triticum aestivum L., var. 'Baart', C. I. 1967, in a controlled environment chamber under a photoperiod of 16 hr, 200 ft-c, at 22 C, and 8 hr of darkness at 20 C. The spores had a moisture content of 1 1 to 16% as determined by drying at 60 C for 48 hr. Spores generally were used the same day as collected.
Production of "4C-Labeled Urediospores. Isotopically labeled urediospores were produced on rust-infected wheat plants allowed to photosynthesize 14CO2 in a sealed glass chamber. Five 4-inch pots, each containing 50 to 70 wheat plants, about 6 inches tall and at the fleck stage of pustule development, were arranged on a Plexiglas base. The plants were covered with a glass chamber measuring 151/2 X 15½2 X 16 inches which was sealed with a caulking compound. The whole assembly was placed in a controlled environment chamber operated as described above.
Radioactive CO2 was produced by reacting Ba14CO . with lactic acid in a test tube connected to the glass chamber through a side port fitted with a valve. Inflow and mixing of 'CO. was assured by creating a slight negative pressure in the chamber before the gas was introduced. After the reaction was over, water was introduced into the tube to displace the residual 4CO2, and then air was allowed to bubble into the chamber until equilibrium was reached. Radioactivity inside the chamber was monitored by withdrawal of gas at regular intervals with a gas-tight syringe through a vent. The gas was dissolved in Hyamine 10-X (Packard Instrument Co., Downers Grove, Ill.) in a rubber-stoppered scintillation vial and was counted in a toluene-based scintillation fluid which will be described later. In our experiments, 10 to 20 ,uc of "CO2 were introduced into the chamber on alternate days. Urediospores were collected every 3rd or 4th day by careful dislodgment from the leaves into a cardboard box lined with aluminum foil. The total yield of spores from a single experiment lasting 10 Spore Germination. The medium used for germinating urediospores consisted of a calcium phosphate-potassium phosphate buffer at pH 7.0 (16) containing 1 X 10' M nonyl alcohol and 0.01% Tween-20 (polyoxyethylene sorbitan monolaurate). This medium, referred to as BNT, was used throughout this study unless otherwise mentioned. Urediospores were suspended in BNT at a concentration ranging from 1 to 4 mg per ml in 125-ml Erlenmeyer flasks and were incubated on a reciprocal shaker at 180 strokes per min at 20 C under diffused light. Almost complete and synchronous germination of freshly harvested urediospores occurs within 2 hr by this method (17) .
Oxygen Uptake. Respiratory measurements were made by the polarographic and manometric methods described by Maheshwari and Sussman (17) .
Isotope Incorporation. Valerate-1 -"C (sodium salt) was chosen for isotope incorporation studies because this fatty acid has been reported to be effectively incorporated into urediospores (22, 23) . A total of 80 mg of urediospores were incubated in 20 ml of germination medium in 125-ml Erlenmeyer flasks. Two microcuries of labeled valerate (specific activity 2.01 mc/mmole) were added to give a concentration of 6.08 X 10-M. The flasks were then shaken vigorously by hand for 1 min to suspend the spores, after which a scintillation vial containing 0.5 ml of Hyamine was connected to absorb respiratory CO2. The flasks were shaken at a rate of 180 strokes per min during incubation. Following the incubation period, the spores were separated from the medium by centrifugation at 10,000g for S to 10 min, washed twice with 10-ml portions of fresh BNT, and killed in 10 ml of 80% ethanol at 70 C.
Extraction of Spores. Alcohol-soluble compounds were extracted three times with 5 ml of 80% ethanol at 70 C. The spores were then resuspended in 5 ml of deionized water and were broken in the presence of 2.0 g of sand in a Nossal disintegrator (21). Ethanol extraction of broken spores was repeated three times, and the extracts were combined and evaporated to dryness under reduced pressure. This residue was extracted three times with 5 ml of diethyl ether and was dissolved in water to give the water-soluble fraction. Alcoholextracted broken spores were extracted three times with 5 ml of a mixture of chloroform and methanol (2: 1, v/v) to remove lipids. The chloroform-methanol extracts were combined with the diethyl ether extract, and the solvents were removed by evaporating. The residue (lipids) was quantitatively dissolved in diethyl ether (ether-soluble fraction), and an aliquot was spotted on filter paper and counted in a toluene-based scintillation fluid.
Fractionation Techniques. The water-soluble fraction was passed consecutively through ion-exchange columns (8X 1.6 cm) of Dowex50W-X8 (200-to 400-mesh, H+ form) and Dowex 1-X8 (200-to 400-mesh, HCOO-form). The neutral, basic, and acidic fractions were eluted with 50 ml each of deionized water, 4 4-bis-2-(5-phenyloxazolyl)-benzene (POPOP), 160 mg; 1 2-dimethoxyethane, 400 ml; anisole, 400 ml; p-dioxane, 2400 ml. Water-immiscible samples were counted in a toluene-based scintillation fluid of the following composition: PPO, 4 g; POPOP, 100 mg; toluene, 1 liter. Counting efficiencv was determined by using "C-acetate and "C-valerate as internal standards, and counts were corrected for quenching.
Terminology. The following terminology has been used in the text. Control spores are untreated spores which were either used immediately or stored at 4 C. Cold-dormant spores are those exposed to liquid nitrogen; heat-activated spores are cold-dormant spores that were briefly exposed to 40 C to induce germination. Nongerminating spores are untreated (control) spores, the germination of which was inhibited either by the addition of the partially purified self-inhibitor of urediospore germination (P. J. Allen and R. Strange, unpublished), or by the lack of nonyl alcohol in the germination medium. The cold-and heat-treatments used are referred to as cold-shock (CS) and heat-shock (HS), respectively.
RESULTS
Germination of Urediospores on Agar and in Liquid Medium. The germination of control, cold-dormant, and heatactivated spores was compared by two different methods. In contrast to germination in liquid medium, that on agar is neither uniform nor synchronized. The averages of three separate experiments on different batches of spores are given in TableI. On agar, the untreated (control) spores germinate completely by 24 hr. Germination of cold-dormant spores initially is very low, but the majority germinate by 24 hr. Heat-activated spores behave similarly to untreated spores. By contrast, when spores are incubated in a liquid medium, cold-dormant spores do not germinate at all, even after prolonged incubation. On the other hand, untreated and heat-activated spores germinate nearly completely within 3 hr. Thus, whereas cold-dormant spores gradually recover from dormancy on agar, there is no recovery in the liquid medium. Inasmuch as cold dormancy is reversed by vapor phase hydration (3) , the germination of colddormant spores on agar appears to be due to their slow hydration on the agar surface. The response of cold-dormant spores (34) . These spores also showed a tendency to float rather than sink when suspended in liquid medium. Since these observations suggested the loss of metabolites from spores under these conditions, we studied the effects of cold-shock on permeability. Uniformly " pC-labeled urediospores were divided into 40-mg aliquots and were sealed in Pyrex tubes. These were subdivided into four sets of five tubes for the following treatments: sets 1 and 2, no treatment, stored at 4 C for 3 days; set 3, cold-shocked for 3 days in liquid nitrogen; set 4, coldshocked for 3 days in liquid nitrogen, then heat shocked at 40 C for 10 min. Contents of all tubes, except set 2, were incubated in BNT. The contents of set 2 were incubated either in the medium lacking nonyl alcohol or in the presence of the self-inhibitor of urediospore germination. After incubation for 5, 30, 60, 120, and 240 min, the label released in each case was determined. As shown in Figure 1 , cold-dormant spores release 10 times more label, compared to untreated spores, after 5 min of incubation in liquid. Furthermore, leakage continues during incubation and after 240 min the over-all leakage from colddormant spores is nearly 3 times more than that from untreated spores. On the other hand, untreated spores incubated in BNT germinate up to 70% and release nearly 4 times more label than nongerminating spores incubated in the presence of self-inhibitor. Thus, cold-dormant spores neither germinate nor control the efflux of materials when exposed to liquid media. On the other hand, leakage from heat-activated spores was similar to untreated (control) spores. The rapid and continuous leakage from cold-dormant spores indicates an irreparable failure of the mechanisms controlling permeability. To determine whether the loss of permeability in cold-dormant spores is due to a metabolic injury, we studied leakage from nonviable spores following cold-and heat-shock. The pattern of efflux from these spores was similar to that from viable spores.
Effect of Repeated Cycles of Cold and Heat on Loss of Metabolites and Germination of Urediospores. It was shown previously by Bromfield (3) that cold dormancy can be repeatedly induced and reversed. Therefore, we studied the effect of several cycles of cold-shock and heat-shock on the loss of metabolites. Radioactive spores were alternately cold-and heat-shocked, after which they were incubated in liquid Analysis of Efflux from Urediospores. The label released from radioactive urediospores was analyzed to determine whether the loss of germinability of cold-dormant spores is due to the loss of specific materials. Since the data in Figure 1 show that cold-dormant spores sustain injury immediately upon contact with liquid, the materials appearing after 10 min of incubation were analyzed. As is shown in Table III , colddormant spores release over twice the amount of label that untreated or heat-activated ones do. However, when radioactivity in these fractions is expressed as the percentage of the total released, it is found to be distributed similarly in all fractions in both cold-dormant and heat-activated spores. Thus, carbohydrates are the major class of compounds which leaks from all three types of spores and which represents over 60% of the total efflux. Acidic and basic compounds are present in almost equal amounts, representing 10 to 12% of the total; lipids amount to 4 to 6% of the materials. These results show that there is increased efflux from cold-dormant spores of all soluble metabolites rather than of specific types. Furthermore, the data indicate that leakage is predominantly of substances of low molecular weight.
The materials leaking from cold-dormant spores were compared with the soluble pool of metabolites remaining in untreated, germinating spores, incubated under identical conditions (Table IV) . Equal amounts of radioactive cold-dormant and untreated (control) spores were incubated in BNT for various lengths of time, after which the spores were removed by filtration. The untreated spores were then extracted with hot 80% ethanol and chloroform-ether ( Isotope Incorporation. Isotope incorporation was studied to determine the effect of cold-shock upon penetration and utilization of substrates. During a 30-min pulse of "C-valerate, incorporation of tracer into germinating (control) spores is mainly in the water-soluble fraction (Table V) . Of the radioactivity in this fraction, approximately 50% is in amino acids, 38% in organic acids, and 5% in carbohydrates. This pattern of incorporation of isotopic valerate agrees with the results of Reisener (23) . Nongerminating control spores release more tracer as CO2 and incorporate more radioactivity in watersoluble intermediates than do germinating spores, although incorporation in lipids is lower. However, the pattern of distribution of radioactivity in water-soluble compounds is similar The same batch of urediospores used in the above experiment was pulsed with isotopic valerate for 30 min, washed twice with fresh medium (BNT), and then chased with 0.01 M cold valerate for 90 min. It is seen (Table VI) that the amount of radioactivity in the acid and basic components of the watersoluble fraction of all 4 types of spores decreases after the chase. On the other hand, pool sizes of ether-soluble and neutral compounds do not change appreciably. The pattern of distribution of label in water-soluble compounds remains essentially similar to that in the pulse experiment (Table V) , suggesting little turnover of metabolites. The difference between cold-dormant and heat-activated spores is accentuated after the chase. Thus, the label appearing in CO, decreases in colddormant spores during chase rather than increases as in other spores. In another experiment, isotope was added after 90 min of incubation of spores in BNT. The difference in incorporation into control and cold-dormant spores was even more pronounced than when isotope was provided at the beginning of incubation.
Respiration. The respiratory rate of spoles measured polarographically as described by Maheshwari and Sussman (22) is shown in Figure 2 . Germinating untreated spores show 4 phases of respiratory activity. First, there is an increase in respiratory rate for up to 30 min upon contact of spores with liquid (Phase I); when germination begins, the rate abruptly declines (Phase II); the respiratory rate then increases steadily up to 240 min, paralleling the rate of elongation of the germ tube (phase III); thereafter, the rate declines gradually (Phase IV). The nongerminating spores, i.e., those incubated under conditions of self-inhibition, show the initial burst of respiratory rate (Phase I), although the decline (Phase II) occurs sooner than in germinating spores and Phases III and IV are absent. The respiratory pattern of cold-dormant spores is almost identical to that of nongerminating spores except that the rate is lower than in nongerminating spores. In some determinations, either there is no measurable oxygen uptake or it is irregular. By contrast, heat-activated spores show much the same respiratory pattern as germinating untreated spores. In this case, because heat-activated spores were used after 5 months of storage at -20 C, following cold shock in liquid nitrogen, only 50% germinated. When spores are not stored, heat-activated ones respire at a rate equivalent to untreated (3) . Thus, whereas dormant spores of many fungi and bacteria are optimally heat-activated in aqueous suspension, cold-dormant urediospores must be heated in the absence of liquid water. Cold-dormant urediospores cannot be heat-activated even after drying to their original water content after only brief incubation in liquid. Therefore, sensitivity to environmental factors, rather than resistance, characterizes cold dormancy in urediospores. Furthermore, the longevity of cold-shocked spores is no greater at air temperature than that of unfrozen control spores (3). Therefore, cold dormancy is a condition of supersensitivity to liquid water.
Sussman et al. (34) found no obvious ultrastructural differences among fresh, cold-dormant, and heat-activated spores before each was suspended in liquid. Changes suggesting injury were detected only when cold-dormant spores were put in a liquid medium. After 5 min of incubation such spores showed lipid inclusions, the outlines of which become ragged due to the formation of crescent-shaped extrusions in the ground cytoplasm. Nuclei, judged by their membranes and electron density, remained unaffected, but some mitochondria were adversely affected. After 30 min, the cristae of most of these organelles were disorganized, and numerous vesicles with granular contents appeared in them. Perhaps the reason why the increase in respiratory rate which occurs following the wetting of spores is not maintained is because mitochondria lose their structural integrity. Degeneration of mitochondria and nuclei but not of ribosomes has been reported in germinating sporangiospores of Rhizopus stolonifer after exposure to 0 C (18) . However, in the latter study the consequences of chilling were studied during developmental stages and were immediately apparent, whereas in our study only resting stages were exposed to subfreezing temperatures and injury was not apparent until the spores were rehydrated in a liquid medium. Furthermore, the potentially lethal changes induced at -196 C are reversible by heat or vapor phase hydration when administered before spores are wetted. Therefore, in our experiments, cold, by itself, is not lethal nor does it produce readily apparent effects, for lethal injury is associated with rehydration.
Rehydration injury to cold-dormant spores is manifested by enhanced leakage of metabolites. Although efflux of metabolites from urediospores is a normal feature of germination ( (34) . Increased permeability has also been shown to be the basis of injury in bacteria subjected to low temperature (5, 15, 20, 32 That metabolic effects follow upon the permeability changes discussed above is indicated by the respiratory data in Fig. 2 . Whereas osmotic injury occurs immediately upon suspension of cold-dormant spores (Fig. 1) , respiration, on the other hand, continues although it is markedly lower than in controls. The low oxygen uptake may be due to the disorganization of mitochondria (34) as well as the loss of metabolites (Table  III) . In spite of these effects, some metabolic activity does occur in cold-dormant spores, as is indicated by their ability to respire exogenous substrate (Table V) . In contrast to the decreased label incorporated by cold-dormant spores in soluble compounds, that found in respiratory CO2 is comparable in cold-dormant and control spores. This suggests that the diminished label in soluble compounds is due to the loss of tracer during chase rather than to a serious metabolic impairment. However, metabolic injury does progress with time as indicated by the low order of incorporation of tracer when it is pulsed after 90 min of incubation of spores. Therefore, permeability changes appear to be the primary cause of damage to cold-dormant spores and are followed by metabolic injury.
Restoration of the germinability of cold-dormant urediospores by vapor phase hydration may be analogous to the situation in air-or freeze-dried spores killed by liquid water (26) . In this case the destructive effect of water was attributed to the separation of wall and protoplasm due to differential rates of hydration. Germination of freeze-dried urediospores is markedly increased when they are exposed to water-saturated air for 12 to 24 hr at room temperature (3, 13, (27) (28) (29) , and spores of other fungi respond similarly. Loss of viability in these cases may also be due to osmotic injury, because dry yeast cells leak amino acids, proteins, and carbohydrates upon suspension in water (10) . Moreover, it has been reported that during drying of baker's yeast there is a breakdown of phospholipid, as a consequence of which permeability of the cell membrane is damaged (9) , and leakage of RNA is common in freeze-dried bacteria due to alteration of permeability (30, 36) . These studies suggest that injury due to freezing and drying may involve similar mechanisms.
It is suggested that osmotic damage may play a more significant role in freezing injury than is now believed (19) . In addition, urediospores may be a useful tool for the further study of the molecular structure of functional membranes inasmuch as reversible changes can be induced by cooling and subsequent warming. Moreover, the leakage from cold-dormant urediospores may provide a useful method for the gentle extraction of metabolites which could be used in attempts to culture these notoriously refractory parasites. Finally, the sensitivity of frozen urediospores to liquid water suggests that they probably do not survive frigid conditions and are not important as inoculum in the disease cycle in many parts of the temperate zone.
